Major branches from right and left sympathetic ganglia were electrically stimulated while force of contraction was recorded from multiple areas of the right and left ventricles. Stimulation of the stellate ganglia generally elicited alterations in force of contraction from all test segments, but excitation of selected nerve trunks induced responses in highly localized regions of the heart. Ablation of narrow strips of epicardium resulted in obliteration of contractile responses in specific, highly localized regions of the heart; thus a major fraction of the sympathetic innervation of the ventricular chambers is by way of the epicardial plexus. The anterior surface of the right ventricle is supplied by projection pathways arising within the immediately subepicardial regions of the right A-V groove and, to a lesser extent, from the tissues immediately adjacent to the left anterior descending artery. The left ventricle receives minor projections from the right A-V groove with major projections from subepicardial tissues along the left anterior descending artery. In some animals there also exists a definite left ventricular supply from the region of the left A-V groove. Whereas the thoracic vagi send dense projections to the atria, and particularly to nodal tissue, they also supply both ventricles with inhibitory and augmentor fibers. Although isolated cardiac nerves may carry predominantly sympathetic or parasympathetic fibers, many show rich intermingling of these fibers in trunks distal to the caudal cervical ganglion.
cardiac plexuses (1) . Functional responses recorded during such stimulation include gross inotropic and chronotropic changes in cardiac activity. Excitation of smaller distal branches of the cardiac nerves elicits highly localized changes in activity, indicating the participation of spatially restricted portions of the myocardium. The more distal the position of the stimulating electrodes on the cardiac nerves, the more restricted is the area in which contractile force changes are induced (2) . Rich intermingling of sympathetic and parasympathetic nerves between the caudal cervical ganglion and the cardiac plexuses 316 RANDALL, SZENTIVANYI, PACE, WECHSLER, KAYE has been documented, and considerable variation in distribution of fibers from the left sympathetic trunk to the right heart and from the right sympathetic to the left heart has been shown (2) . Except for some anatomical studies, specific projection patterns from the cardiac plexuses to the myocardium remain obscure.
Cooper et al. (3) report that in serially sectioned cat hearts large nerve confluences related to the ipsilateral sympathetic chain reach the base of the heart anteriorly and descend on either side of the main pulmonary artery. Nerves on the right of the pulmonary artery go to the atria and right ventricle; those entering on the left go to the left ventricle. It has recently been suggested that a very significant fraction of the sympathetic innervation of the heart is distributed epicardially (1) . It is the purpose of this study to examine the projections of sympathetic nerves to the heart, to describe reproducible responses to electrical stimulation of the stellate ganglia and their major branches, and to illustrate the results of localized interruption of epicardial nerve pathways.
Methods
Three to seven isometric strain gauge arches of the Walton type (constructed from Baldwin SR4 gauges) were sutured to different locations on the ventral surface of both ventricles in each of 36 open-chest dogs under phencyclidine hydrochloride 1 (2 mg/kg im) and a-chloralose (60-80 mg/kg iv). Systemic arterial blood pressure was recorded by a Statham P23Db transducer, and all recordings were made on a Grass polygraph. The ansal connections between the stellate and caudal cervical ganglia, together with their main trunks to the heart, were carefully isolated and then stimulated by rectangular pulses (4 to 6 v, 5 msec, 10 to 20/sec) from a Grass model S5 stimulator. After establishing the area of responsiveness to excitation of the main sympathetic cardiac nerves, the following maneuvers were carried out. (1) The epicardium was stripped from the area immediately around a strain gauge arch. (2) An epicardial strip about 0.5 to 1.0 cm wide was removed along the right atrioventricular groove to the origin of the pulmonary artery. superior and inferior to the left anterior descending artery. (4) The superficial tissues were removed from the root of the pulmonary artery. (5) Either superficial cauterization or painting with 85% phenol solution was substituted for epicardial stripping in the above procedures. After each maneuver the stellate ganglia or their main nerve trunks were again stimulated to determine what deficits, if any, resulted.
Results

GROSS EFFECTS OF STELLATE STIMULATION
Electrical stimulation of the right and left stellate ganglia, as well as their ansal connections to the caudal cervical ganglia, elicited inotropic changes from both basal and apical regions of the ventricles and from the atria in 22 open-chest dogs. The augmentation in force of contraction was most prominent in the basal segments, often amounting to 100%. Changes in force of contraction of the apical segments occurred simultaneously but averaged only 35 to 50% above control levels. The atrial force was simultaneously increased while the heart rate accelerated more during stimulation of the right stellate than during excitation of the left. Details of responses induced by electrical stimulation of numerous branches of the vagosympathetic cardiac nerves, as described by Mizeres (4) , have been reported elsewhere (2).
EPICARDIAL DISTRIBUTION OF SYMPATHETIC FIBERS
In the experiments illustrated in Figure 1 Immediately following control recordings, the epicardium was carefully stripped from the pulmonary conus by sharp dissection, and the underlying tissue was incised to a depth of 1 mm. Right stellate stimulation then elicited augmentor changes on the left ventricle and right atrium (panel G) entirely comparable to those in the control segments, while the responses of the right ventricular conus and sinus were attenuated. There was little change in the amount of augmentation in any of the test areas during left stellate stimulation although the rate of increase in contractile force of successive cardiac cycles was less following the surgical intervention.
Epicardial stripping 3 to 5 mm wide was then extended caudally from the pulmonary 
Successive alterations in contractile response on the left ventricular apex (LVA), right ventricular sinus (RVS), right ventricular conus (RVC), and right atrium (RA). Systemic arterial blood pressure changes are shown on the bottom of each series. Panels A-D represent responses to electrical stimulation (10 cps, 5 msec, 6 v) of the left stellate (top) and F-I represent responses to stimulation of the right stellate ganglia. Panel E illustrates the response to intravenous injection of 0.025 mg isoproterenol at the end of the experiment (after chemical denervation).
The inset at lower right shows the position of the strain gauge arches as well as the precise location of the phenol applications-along the right ventricular surface immediately adjacent to the left anterior descending artery, across the pulmonary conus, and along the right atrioventricular groove (hatched areas).
The areas of epicardiectomy were then deepened and widened slightly along the entire course (right A-V junction, pulmonary conus, left anterior descending artery), and panels E and J were recorded. The right ventricular gauges showed only very slight or no response. Left stellate stimulation, on the other hand, continued to elicit moderate augmentation in force of contraction on all of the test segments although considerable attenuation is evident when comparison is made with the control segments. Figure 2 illustrates similar alterations in cardiac performance during stellate stimulation before and after epicardial application of an 85% solution of phenol. Positive inotropic changes were induced in all of the test areas during both right and left stellate stimulations (panels A and F) before any attempt at epicardial denervation. Phenol was then painted with a camel's-hair brush over a narrow strip of epicardium along the right ventricular side of the left anterior descending artery. A whitish band about 5 mm wide immediately marked the path of the phenol brush from base to apex of the ventricle. Panels B and G of Figure 2 illustrate responses to left and right stellate stimulation immediately following the phenol application. Contractile force was reduced by approximately 20% on both test areas of the right ventricle with little or no alteration in either the left ventricular apex or right atrium.
A strip of epicardium over the pulmonary conus was then painted with phenol solution, a whitish band appearing along the course of the brush. Panels C and H represent the alterations in force of contraction during sympathetic stimulation and reveal marked reduction on both sinus and conus regions of the right ventricle. Sympathetic nerve projections over the root of the pulmonary artery appear to furnish an important innervation pathway in this animal.
Phenol was next painted along the right A-V groove, and recordings of cardiac function during sympathetic stimulation were made (panels D and I). Augmentor responses to right stellate stimulation were nearly abolished on all test areas, including the left ventricular apex and right atrium. It is thus demonstrated that extensive pathways innervating relatively large areas of the heart were interrupted by this maneuver. Although only one gauge was placed on the left ventricular apex (LVA), the attenuated elevation in systemic arterial pressure attests to a relatively widespread influence on this chamber as well.
To test viability of the contractile elements of the "denervated" muscle segments, 0.025 mg of isoproterenol was injected at the signal marker in panel E. Profound elevations in contractile force of all portions of the ventricles, together with cardiac acceleration, attest to the presence of intact vascularity and responsive muscular elements.
In many experiments changes in apical force were abolished or greatly reduced after epicardial strips had been removed from, or phenol applied to, the basal portions of the same ventricle. Such results indicate that fibers passing to the apex run superficially for considerable distances through the epicardial plexus. It is probable that fibers also branch from the epicardial plexus to the deep myocardium and even to the endocardial plexus. Figure 3 illustrates the distribution of sympathetic nerves to highly specific areas of the heart. Four strain gauge arches were applied to the anterior surface of the left ventricle and one to the right ventricle as shown in the augmentation being somewhat more prominent during left stellate stimulation. Phenol was then painted on a 1-cm segment of epicardium ( Fig. 4, I) along the left ventricular surface between LAD and gauge 2. Little alteration in contractile force occurred in the muscle segment underlying gauges 1 or 2. However, gauges 3 and 4, situated distally on the left ventricle showed definite attenuation during stimulation of both right and left stellate ganglia. Increments in arterial blood pressure were relatively unaffected. Phenol was next painted along the left ventricular surface, extending the original painting caudad to the apex of the ventricle (Fig. 4, II) , and stellate stimulations repeated (panels C and I, Fig. 3 ). Contractile changes at gauges 3 and 4 were further reduced, particularly during right stellate stimulation. The third application of phenol was made to the ventricular segment extending cephalad (Fig. 4, III) from the initial painting to the base of the left ventricle, and stellate stimulations were repeated (panels D and J, Fig. 3 ). Dramatic reductions in augmentation occurred in myocardial segments underlying gauges 1 and 2 situated on the base of the left ventricle. Again the deficit was more pronounced during right stellate stimulation. A fourth painting was then made along the left atrioventricular groove and extending posteriorly to the interventricular sulcus (IV). Contractile responses to stellate stimulation (panels E and K) were reduced at the left ventricular base (LVB) and nearly all of the left ventricular gauges showed further attenuation with lesser elevations in arterial blood pressure. Finally phenol was applied in a complete ring encircling gauge 5 on the right ventricle ( Fig.  4, V) . The RV test segment then displayed markedly reduced contractile response to stellate stimulation (panels F and L).
Thus, as a result of phenolization of sharply restricted epicardial segments of the left ventricle, test regions of the anterior (ventral) surface appeared to be sympathetically denervated. Persistent elevations in arterial blood pressure, however, indicate that por- Figure 4 . Figure 4) , panels C and I responses following phenol application II, etc. Successive deletions in contractile response may thus be related to localized epicardial denervation.
Panels A and G illustrate control responses from the left ventricular base (LVB), left ventricular anterior segment 1 (LV ant. 1), left ventricular anterior segment 2 (LV ant. 2), left ventricular apex (LVA), and anterior surface of the right ventricle (RV). The bottom channel in each series shows arterial blood pressure changes. Panels B and H illustrate responses to stellate stimulation immediately following application of phenol (I in
tions of the ventricle remain responsive to sympathetic stimulation, and attention should be directed to the fact that posterior surfaces of the heart were not touched by the phenol.
In order to demonstrate that the myocardial segments underlying the gauges remained viable, 0.025 mg isoproterenol was injected intravenously with consequent positive inotropic responses elicited on all of the test areas (not shown in Fig. 3 ). Further evidence for lack of penetrating damage to the myocardium was revealed by histological sections in which coagulation necrosis was limited to the most superficial layers of the ventricle (0.25 mm). These histological sections revealed the presence of nervous tissue in the outermost epicardial layer. On the basis of 36 different animal experiments in which sympathetic nerve trunks were stimulated before and after isolated epicardial denervation procedures, projections onto the anterior (ventral) surfaces of the heart are summarized in Figure 5 . Although remarkably large variation in specific pro-
SYMPATHETIC NERVE PROJECTIONS ONTO HEART
RIGHT FIGURE 4
Sketch of the anterior surface of a dog heart from which contractile responses shown in Figure 3 , A, were recorded. Strain gauge arches were located at positions indicated and epicardial denervation carried out by successively painting with 85% phenol narrow strips I to V along the left ventricular border immediately adjacent to the left anterior descending artery (LAD).
jections is the rule in individual animals, richly overlapping distribution of fibers was observed in nearly every area. Both right and left stellate ganglia give rise to fibers which travel to the heart, enter the epicardial plexus, and become widely distributed. Fibers from the left stellate and caudal cervical ganglia, traveling in the ventrolateral nerve (terminology of Mizeres [4] ), appear to be distributed almost exclusively to the dorsal ventricular plexus. Thus, stimulation of this large nerve trunk elicits alterations in contractile force primarily in the anterior, lateral, and posterior portions of the left ventricle with relatively minor changes in the right ventricle or in heart rate. In contrast, stimulation of the ventromedial nerve induces changes in both ventricles, often with significant acceleration in heart rate. The left
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CaV.
VLCCN FIGURE 5
Idealized reconstruction of sympathetic projections from the left and right stellate and caudal ganglia onto the anterior surfaces of the heart. Only major nerve trunks are shown, although it is emphasized that numerous smaller nerves interconnect them and ultimately supply the epicardial plexuses. Nerve trunks from the left include the left thoracic vagus (LTV), the ventromedial cervical cardiac nerve (VMCCN), and the ventrolateral cervical cardiac nerve (VLCCN). From the right are included the recurrent cardiac nerve (RC), craniovagal (CrV), caudovagal (CaV) cardiac nerves, and the thoracic vagus (RTV). thoracic vagus sends major projections to the atria, including nodal tissue and contractile muscle. Stimulation before atropine generally elicits bradycardia with inhibition in contractile force of either or both ventricular segments, while after atropine, augmentation in contractile force and cardiac acceleration are often produced. The recurrent cardiac and stellate cardiac nerves arising from the caudal cervical ganglion and from the ansa subclavia induce a primary change in heart rate with occasionally prominent augmentation in contractile force from ventricular segments. Projections to the left ventricle from these nerves are relatively small. The craniovagal and caudovagal nerves elicit marked bradycardia, indicating dense projections to the S-A node, but they may also induce significant increases in contraction of both right and left ventricles after atropine. Finally, the right thoracic vagosympathetic trunk provides the atria (including nodal tissue) and right ventricle with both inhibitory and excitatory fibers, with considerable variation in density of such fibers from animal to animal. It should be re-emphasized that Figure 5 illustrates a statistical distribution of sympathetic fibers to the anterior surface of the hearts of a large number of animals, and although vast overlap and interconnection between these projections occur, patterns in individual animals may show varying proportions from each.
Discussion
Information on the projection of autonomic pathways onto the heart surface has depended primarily on histological observations that describe extremely complicated networks where fibers appear to lose their individuality. Because of the presence of both epicardial and endocardial networks, it has been difficult, if not impossible, to anatomically trace individual fibers to their terminations (1, 5, 6) . Thus, histological data permit only problematic descriptions of the projection of peripheral branches of either autonomic (6) (7) (8) or sensory (9) fibers. Neither can it be decided how the extrinsic innervation is distributed to any of the three intramural plexuses (epicardial, myocardial, endocardial [10] ). The classical reports of Flack (11) differentiated sympathetically from vagally innervated regions of the heart. Clamping the sinus node blocked the activity of the right vagosympathetic innervation but not that from the left (11) .
A conspicuous feature of the present experiments is the elaboration of the role of the epicardial plexus in cardiac innervation. A surprisingly large fraction of the contractile musculature receives its sympathetic supply via this network, although it must be noted that our observations thus far have been confined primarily to the anterior surfaces of the heart. Furthermore, the distribution of nervous elements does not appear to be syncytial, but rather, discrete projections from the several cardiac plexuses passing epicardi-ally to grossly predictable and localized regions. Destruction of these epicardial elements by surgery, electrocautery, or chemical (phenol ) means resulted in effective sympathetic denervation as depicted by electrical stimulation of the cardiac nerves. It is probable that some, and perhaps many, fibers turn inward from the epicardial plexus to innervate the deep myocardial and even the endocardial plexuses. The cardiac regulation exerted by such fibers could not be obliterated by interruption of the epicardial plexuses unless the interruption occurred close to the point of entry of the fibers onto the cardiac surface or before they penetrated the myocardium. It is also possible that some fibers aoproach the epicardial surface directly from the sympathetic nerve trunks without passing through known precardiac plexuses. Although the main nerve trunks appear to follow the larger coronary blood vessels, such pathways may be of less consequence than previously assumed. Certainly some nerves follow epicardial pathways for considerable distances where blood vessels are not clearly visible.
It is clear that the right ventricle in some animals receives important projection from the region of the left anterior descending artery with fibers entering the right ventricular epicardium from most, if not all, of the length of this distribution system. Ablation of these projections resulted in variable, but sometimes as much as 50% reduction in contractile force. Destruction of the epicardium parallel to the right atrioventricular groove regularly abolished remaining augmentor responses from stimulation of the right stellate. Neither of these procedures interfered greatly with inotropic responses of the left ventricle to excitation of the left stellate ganglion although a few fibers appear to cross the right A-V groove to the left ventricle.
A significantly large proportion of sympathetic fibers project to the anterior surfaces of the left ventricle along the inferior border of the anterior descending artery. Here also, the projections branch off along the entire course of this distributing system and follow a course caudally toward the ventricular apex.
Failure to completely abolish all inotropic responses to sympathetic stimulation of the left ventricle by epicardial denervation suggests that this chamber receives a small proportion of fibers from sources deep to the epicardium, from posterior projections, or from both.
It is important to point out that the present observations deal only with inotropic and chronotropic phenomena and do not give information on those fibers mediating vasomotor, conductile, or metabolic alterations in cardiac behavior.
Although specific regions of the epicardial surfaces may receive their major sympathetic supply from a given nerve trunk, all regions examined have been shown to be innervated by more than one, and generally from both right and left distributing systems. For example, the right ventricular sinus shows average increases in contractile force of 21, 28, 23, and 28% from stimulation of the craniovagal and caudovagal nerves on the right (after atropine), and ventromedial and ventrolateral nerves on the left, respectively. Thus, if one or two of the routes were damaged or destroyed, the right ventricular sinus would continue to receive sympathetic innervation and may show little or no over-all denervation effects. Comparable redundancy of sympathetic projections to all epicardial surfaces appears to be the rule.
